Two complementary approaches are used to enhance the usefulness of X-ray topographies obtained from protein crystals. First, the use of thin plate-like crystals in conjunction with a high intensity, collimated and small source size synchrotron beam produces a large beneficial effect on the level of detail and contrast of topographies for the quantification of local misalignment in the crystal lattice. Second, the recording of topography series along the rocking curve of a diffraction peak is proposed as a technique to combine the benefits of both rocking curves and topographies and produce very detailed data ("rocking maps") on the spatial distribution of lattice misalignments and mosaic spread ("local rocking curves"). The most important crystal features controlling the observed contrast are growth sectors and inter-sector boundaries, clearly observed in the topographies. Systems of parallel fringes are observed in many of the topographies. Two alternative explanations for these fringes are discussed: (a) as moire´interference fringes or (b) as Pendello¨sung fringes in a wedge shaped crystal volume. In both cases, growth sectors play a central role in the physics of fringe generation. Many observations suggest the presence of a relatively large component of dynamical diffraction in these crystals; the consequences of this new scenario are discussed.
Introduction
Two rather different approaches can be taken in characterising the quality of protein crystals. First, one might be interested in the resolution limit defined as some statistically meaningful limit in the signal to noise statistics. This eminently practical approach is the best choice when the object of our interest is the protein structure, but in this case no information can be derived on the structure defects limiting the resolution. "Defect" is used in this work as meaning "deviation from a perfect lattice" rather than as individual defects like dislocations, vacancies, stacking faults... A deeper understanding of the problem can be obtained by addressing the characterisation of the defective structure of crystals by using different X-ray diffraction techniques. These techniques usually produce results of less direct application for structural analysis, but are much more interesting than the resolution limit for questions related to improving crystal growth techniques by understanding the influence of the many physicochemical parameters involved in crystal growth. The study of the physical properties of protein crystals can also benefit from these developments. In some way, these studies can be considered as a longer path (with many diversions) towards enhancing the resolution limit; nevertheless, the continual enhancement of protein crystal growth techniques [1, 2] and new results suggesting the use of protein crystals as technological materials [3] indicate that the crystallographic characterisation of protein crystals must be developed beyond the useful resolution limit.
At present, studies on the quality of protein crystals concentrate on E mosaic spread, by collecting rocking curves [4] [5] [6] [7] [8] ; E mosaic block and defect distributions, by topography [5, [9] [10] [11] [12] and E crystal defects and defect-generating surface processes, by atomic force microscopy [13] [14] [15] [16] .
Among these techniques, AFM produces very detailed information but is restricted to small regions on the crystal surface, providing no information on the crystal volume. The two X-ray techniques, on the other hand, produce complementary information on the crystal volume. Rocking curves contain statistical information on the angular space, the intensity I( # ) recorded at a given angle close to the Bragg angle being proportional to the crystal volume whose misalignment is . Topographic images contain information in real space on the distribution of the parts of the crystal volume whose misalignment is . In both cases a gaussian-like "experimental function" accounting for the bandwidth of the radiation, the divergence of the beam and other experimental factors is convoluted to the measured distributions. The complementary character of topographies and rocking curves is just part of the landscape of possibilities that high resolution and imaging X-ray diffraction techniques offer. In the field of proteins, new X-ray techniques, like reciprocal space mapping [17] , are currently being developed to provide additional information on the protein crystal lattice. In this paper we present our latest developments in exploiting topography, rocking curves and their relations to gain a better insight into the quality of protein crystals.
In Fig. 1 , an imaginary diffraction experiment is presented to introduce some central concepts involved in this work. Fig. 1a shows a locally defective crystal structure; clear disks indicate the theoretical ("perfect") position of the lattice nodes, while dark disks show the actual position of nodes in this crystal volume. In this situation, the lattice is locally misaligned by an angle that is continuously changing throughout the volume. This distribution of local misalignment can be represented by a grey value map, with the colour of each point indicating the local angular misalignment, as in the bottom part of Fig. 1a . Obviously, if the width of the experimental function is small, not all of the crystal volume will be simultaneously in the Bragg condition and, for each angle, different parts of the crystal will diffract. In Fig. 1b , a two-dimensional crystal, represented by one such misalignment map is shown. Let us assume that this crystal is illuminated by a collimated, monochromatic X-ray beam and that the Bragg condition is fulfilled, producing a diffracted beam in the vertical direction. By placing a high resolution film (or any other imaging detector) in the direction of the diffracted beam, a diffraction image of the crystal is obtained where the parts of the crystal that fulfil the Bragg condition appear projected in the direction of the diffracted beam; this is a topography of the crystal (Fig. 1c) . In this example we obtain one-dimensional topographies, but in real experiments twodimensional topographies are recorded which are the projection of a three-dimensional volume in the direction of the diffracted beam. By acquiring a series of such topographies around the Bragg angle at different values and stacking them, a map is obtained (Fig. 1d) that contains all the information on the local lattice misalignments in the crystal. This map shows the relation between the different X-ray techniques presently used to assess crystal quality: each horizontal section of this map is a single topography and the integration over the horizontal direction is the global rocking curve of the crystal, which could be recovered by setting a scintillation counter (or any other point detector) in the position of the film and rocking the crystal around . This is just a unifying view of topography and rocking curves, but new and still unexplored possibilities appear when working with vertical sections. Each vertical section of the map in Fig. 1d is a "local rocking curve", which is the rocking curve we would obtain from the differential volume of the crystal corresponding to a line through the crystal in the direction of the diffracted beam and ending at the given point (Fig. 1c top) . All the features along this line are integrated at this single data point of the topography. This integration of features is a reasonable explanation for the usual scarceness of contrast in topographies obtained from protein crystals: sharp features are not usually seen in these topographies, probably because the misalignments in the crystal lattice of proteins comes mainly from continuous deformations of the lattice rather than from sharp features like dislocations or other defects. Each such local rocking curve has its own width and Bragg angle and the sum of all these provides the global rocking curve.
Materials and methods
Putting together all these ideas, we designed an experiment to collect series of topographies around the Bragg angle using thin, plate-like protein crystals as samples. The gel acupuncture technique [18] [19] [20] [21] was used to produce the crystals because of its shaping capabilities [1, 2] : plate-like crystals were grown simply by using flat X-ray capillaries (4.0;0.1 mm cross section) as the growth chamber. Solutions of 100 mg/ml lysozyme (L-6876 Sigma without further purification) were prepared at pH 4.5 (50 mM acetate buffer). The precipitating agent solution was prepared using 20% w/v NaCl in the same buffer. Topographies were collected from crystals inside the same capillaries where they were grown, to minimise crystal damage during mounting and handling. The reflections used to collect topographies were selected among those almost perpendicular to the crystal plate to minimise the path of the diffracted beam inside the crystal volume and, consequently, minimise the integration of features in the resulting image. The thinness of the samples imposed the use of a very high brilliance X-ray source; for these experiments, we used the Topography and High Resolution Beamline (ID19) of the European Synchrotron Radiation Facility in Grenoble [22, 23] , a high intensity wiggler beamline with small source size, which favours high spatial and angular resolution. A short wavelength (0.688 A > ) was selected. Series of topographies were collected on the same film (Kodak SR) by slightly displacing the film holder between consecutive rotation steps around (typically 10\ degrees per step). Exposure times of between 1 and 3 s were needed. After developing the film, each single topography was digitised using a high resolution video camera mounted in a microscope and connected to a frame grabber operated by a computer. Standard image analysis procedures were used to align and stack these sub-images making a three-dimensional (x, y, ) map equivalent to the two-dimensional one illustrated in Fig. 1d .
Results
Fig . 2 shows part of one of the recorded series. The level of detail and contrast of the topographies obtained with this experimental set-up is much better than that in any previous topography experiment using protein crystals. This is explained easily: most of the intensity in the four topographies comes from the dark fringe travelling from bottom to top as increases during the rocking of the crystal. This moving fringe is due to a continuous bending of the crystal lattice, something rather common in protein crystals. If the crystal thickness integrated to produce these images were much larger than the 100 m used here, the possibility of having other crystal volumes in the Bragg condition above or below (in the direction of the diffracted beam) the volume producing the fringe would be much higher, thus hiding this feature.
The most important contribution to the defect structure of tetragonal lysozyme crystals comes from growth sectors and inter-sector boundaries. In the topographies obtained, most of the contrast not attributable to continuous bending can be interpreted in terms of growth sectors and inter-sector boundaries. Fig. 3 shows a complete series of topographies acquired at 0.0025°steps. The boundaries between growth sectors can be clearly seen as sharp changes in the grey level in images 3a and 3e and as contrast (illuminated/not illuminated) between different sectors in almost all the images, especially in 3d where the outline of a 1 1 0 growth sector not at its Bragg angle (not scattering) is very clearly shown. The whole series can be decomposed into separate sub-series for each of the growth sectors present in the crystal: the 1 1 0 sector on the right is at its Bragg position in Fig. 3a , the intensity scattered by this sector then decreasing through images 3b and 3c. The 1 1 0 sector on the right scatters the maximum intensity at image 3e and again the intensity decreases through images 3d, 3c and 3b to the lower values and image 3f to the higher. The two 1 0 1 sectors are at their Bragg angle in 3b (the top sector) and 3e (the bottom one), both scattering some intensity in the previous and following images. To be precise, what we called "1 0 1 sector" is really a group of 2 or more 1 0 1 sectors with almost the same misalignment. The effect of growth sectors on the contrast of topographies is so important that it can even be used to compute approximate orientations for the crystal slices as shown in Fig. 3h .
As stated in the introduction, by collecting series of topographies at different Bragg angles and stacking them, a local misalignment map is obtained from which local rocking curves can be computed. Using the series illustrated in Fig. 2 , we computed such a set of local rocking curves and fitted them to gaussian functions. Fig. 4 shows a two-part "rocking map" composed by mapping the width of the fitted gaussians (i.e. the local mosaicity) and the position of their maximum (i.e. the local Bragg angle). For the first time, these maps show clearly the quality, misalignment and curvature distributions inside the crystal volume. In this crystal, a continuously bent, low mosaicity zone exists in the centre of the crystal while high mosaicity zones appear close to the six vertices. These high mosaicity areas are related to highly defective zones in the case of the two vertices between the 1 0 1 faces (particularly the one at the bottom that corresponds to a cracked zone seen in Fig. 6c ) and to the behaviour of boundaries between growth sectors in the case of the four high mosaicity zones close to the 1 0 1/1 1 0 vertices, as we will see later. This map shows large differences in local mosaicity with a factor of 8 variation across the crystal. This unexpected range of variation can be explained by the high spatial resolution achieved in the map shown in Fig. 4 . Even measuring local rocking curves, all the crystal volume under the measurement window contributes to the rocking curve, which is a weighted average of very wide and very narrow peaks coming, respectively, from very high and very low quality crystal lattice zones included within the measurement window. As the size of the measurement window for computing local rocking curves is reduced, the differences between extreme mosaicity values increases because high and low quality zones of the crystal are isolated in a single window (i.e. a single width value). Fig. 4 has been computed using a window of 16 square pixel, small enough to make evident the large differences in local mosaic spread between different parts of the crystal.
By adding all the local rocking curves, the global rocking curve is recovered (Fig. 5) having a fullwidth at half-maximum of 10 arcsec. This value is overestimated because the experimental width has not been deconvolved and because the height of the central maximum is underestimated due to the existence of several saturated zones in the topographies corresponding to the maximum.
The most striking feature of the topographies obtained during this study is the presence, in almost all the images, of sets of parallel fringes. Fig. 6 shows two examples from the same topography. Fig. 2 . This rocking curve was computed by adding all the local rocking curves mapped in Fig. 4 . The height of the maximum is underestimated due to the overexposure of several areas in the topographies close to the global Bragg angle.
The "Y-shaped" fringe system in picture 6a, changes its position with and is associated with the boundaries between the 1 1 0 and 1 0 1 growth sectors (see the whole topography in Fig. 6c ). The stem of the darkest "Y-shaped" fringe in both zones seems to be the end of the moving fringe shown in Fig. 2 , which suggests that the global curvature of the crystal can somehow be controlled by the distribution of growth sector misalignment. The slow displacement of these fringes and their presence in many consecutive topographies in the series is the origin of the high mosaic spread measured close to the 1 0 1/1 1 0 vertices. The fringe system illustrated in Fig. 6b is associated with the joining point of two cracks (clearly seen in Fig. 6c ) and depicts a stress field in this area produced by the two cracks. The bottom part of the picture shows the same effect at the opposite side of the cracks with a curved single fringe having the same aspect as those above and another system of fringes perpendicular to the first one and more tightly spaced.
Discussion and conclusions
The enhancement in the level of detail and contrast observed in these images is partly due to the characteristics of the ID19 beamline. This X-ray source is very well suited for topography experiments due to their small source size (0.2;0.1 mm H;») and divergence (0.3;0.1 mrad H;» FWHM), which favours high spatial and angular resolution. In addition, short wavelengths can be used while still preserving a high incident intensity. However, comparison of the acquired images with other topographies obtained at this beamline using thick lysozyme crystals [24] clearly shows that the largest contribution to the quality of the topographies comes from the use of thin protein crystals, which allow the observation of local misalignments without 3D masking effects. The contrast observed in the topographies supports the initial hypothesis on the prevalence of continuous bending and smooth local contrast as the predominant features in the defect distribution of lysozyme crystals. Sharp contrast features indicating single defects were not observed. The absence of these defect records seems to be commonplace in protein crystal topography except in experiments with sudden changes in the growth conditions [12] .
The most important features controlling the defect structure of tetragonal lysozyme crystals are the growth sectors and the boundaries between growth sectors. They are so clearly seen in the topographies as to allow the study of separate rocking sub-series for each individual growth sector and the determination of the approximate orientation of the crystal slices used as samples. In addition, misaligned growth sectors produce wedge-shaped volumes giving rise to Pendello¨sung fringes or Moire´interference. Misalignment between growth sectors could produce some degree of stress inside the crystal lattice, relieved in the form of large scale continuous bending of the lattice, which could be the factor responsible for the large moving fringe illustrated in Fig. 2 . This result is suggested by the evolution of the "Y-shaped" fringes close to the 1 1 0 growth sectors, the stem of which is the end of the moving fringe. The presence of these growth sectors has been suggested previously [25] but no clear evidence of their ubiquity and their importance in controlling the internal lattice distortion has been presented. This importance might be due to the role of inter-sector boundaries as the site of accumulation of stress or defect clusters, relieving the small unit cell volume differences produced by the selective incorporation of impurities within different crystal faces [26] . The misalignment of different growth sectors could even be the result of the stress field produced by these changes in volume between different growth sectors.
The origin of the observed fringe systems is still unclear although the possibilities seem to be limited to (a) Moire´fringes due to the superposition in the direction of the diffracted beam of different crystal volumes having slightly different misalignment or lattice parameters [27] or (b) Pendello¨sung fringes due to the presence of wedge-shaped crystal volumes [28] .
To give an idea of what this means in terms of misalignment or d-spacing differences, Fig. 7a shows the spacing between consecutive fringes in the topography previously shown in Fig. 3 . The spacing between consecutive fringes is maximum between the first (darkest) and the second fringe, decreasing in this direction. An inter-fringe spacing of corresponds to the interference of two diffracted beams making an angle such that tan( )"
with being the wavelength. These two interfering diffracted beams can be produced by two crystal blocks misaligned by (provided that is smaller than the experimental width) or by two crystal blocks with slightly different d F I J spacing such that An alternative explanation for these fringes is that they are Pendello¨sung fringes produced by a wedge-shaped crystal. The reflectivity of a crystal in the Laue case (no total reflection) of the dynamical theory of diffraction is (in the simplest, symmetrical, case) Two crystal blocks (I and II) corresponding to slightly misoriented growth sectors are assumed to make up a crystal slice such as those used in the experiment. If crystal quality is sufficient to observe a dynamical behaviour and the angle is set such that block I fulfils the Bragg condition and block II does not (as in Fig. 3) , the diffraction physics corresponds to the Laue case, and the wedge-shaped (I) block will have a variable reflectivity associated with the thickness gradient as shown in Fig. 8a . [28] , where and ¼(A), called the Waller integral, are defined as
where J is the Bessel function of rank 0, t is the crystal thickness and is the Pendello¨sung (extinction) length.
where C is the polarisation factor, r the classical electron radius, » the volume of the unit cell, the wavelength and "F" the structure factor amplitude. The reflectivity value R F I J as a function of A is shown in Fig. 8a . It is clear that, for crystals in the Laue case, a continuous variation of the crystal thickness will produce intensity fringes as the reflectivity changes. As seen in Fig. 3 , the misalignment between growth sectors can be large enough to produce two contiguous sectors, one in the Bragg angle and the other completely out of the diffraction condition. In this situation, if the boundary between sectors is not perpendicular to the crystal plate, the scattering volume has the wedge shape required to produce these fringes (Fig. 8b) .
The possibility of having dynamical effects on the diffraction of protein crystals gives rise to many new and interesting questions. The most trivial of these questions is the correct relation between structure factors and intensities: structure factors are proportional to the square root of the integrated intensity in the framework of the kinematical theory but to the integrated intensity in the dynamical theory. Therefore, the correctness of the calculations used to obtain the structure factor data used for structure determination could be compromised. Recent studies on primary extinction in protein crystals [29] show that dynamical extinction corrections can be 13-15% for the strongest reflections. Dynamical effects may also control the lattice Note: F N "Fix" meaning that data are collected for only one value of this parameter; I N "Integrated" meaning that data for a range of this parameter is added in one single intensity value; S N "Scanned" meaning that actual intensity values are sampled at several values of the parameter.
features observable by topography: in the low absorption case, the predominant contrast mechanism is the so-called "direct image", produced by an additional diffracted intensity coming from distorted lattice areas close to each crystal defect, like the one shown in Fig. 1a . Direct images are only seen in crystals that are thicker than about /3. Below this thickness there is not enough difference between the intensity scattered by the "distorted" region and the "perfect" environment, and defects cannot be observed [30] . This could be the explanation for the ubiquitous absence of defect records in protein crystal topographies. These results highlight the need to have an idea of the Pendello¨sung length for the crystals we are working with.
All the values involved in the computation of are easily available (C+1 and +1 A > for usual experiments in synchrotron sources, r "2.82; 10\ m and » "2.335;10 A > for tetragonal lysozyme) except the structure factor, which cannot be computed exactly due to the large amount of totally or partially disordered water molecules inside the unit cell. Estimating [31] an average value "F"+596 for lysozyme ("F"+1800 for the strongest reflections commonly used in topography), a value of 1540 m (500 m for the strongest reflections) is found for . This value is much larger than the usual value (1-100 m) found for small molecule crystal. This means that the protein crystals commonly used in diffraction experiments, measuring between 100 and 2000 m are within the limits of the kinematical and the dynamical theories.
The new concepts "rocking maps" and "local rocking curves" have been introduced and their usefulness demonstrated. These constructs appear naturally through a unified view of rocking curve measurement and topography studies that is, in fact, part of a vastly larger landscape (see Table 1 ): in terms of information content, during a diffraction experiment, we are working with the three dimensions of space and some angles. Several techniques integrate the spatial information while scanning or keeping the remaining parameters constant; among these techniques, we found the integrated intensity measurements (for example by the screenless oscillation method) used for structure analysis. By scanning one angular parameter rocking curves are recorded. Reciprocal space mappings can be obtained by simultaneously scanning two angular dimensions. Most existing X-ray diffraction imaging techniques like topography and section topography, as well as new ones such as rocking maps, work by scanning two spatial parameters. In the near future, we will start working with techniques that scan the three spatial dimensions, like stereoscopic topography [32] and new ones such as tomographic topography. Nevertheless, many possible and interesting combinations are lacking from Table 1 , especially if a sixth dimension, namely the time during which crystal grows, is added as we did in our study of the evolution of mosaic spread during protein crystal growth [33] . In short, why stop at rocking curves and topography rather than making the most of the potential of X-ray diffraction experiments?
